Lysophosphatidic acids are structurally simple lipid phosphate esters with a now widely appreciated role as extracellular signaling molecules. LPA binds to selective cell surface receptors to promote cell growth, survival, motility and differentiation. Studies using LPA receptor knockout mice and experimental therapeutics targeting these receptors identify roles for LPA signaling in processes that include cardiovascular disease and function, angiogenesis, reproduction, cancer progression and neuropathic pain. These studies identify considerable functional redundancy between these receptors and raise the possibility that additional lysophosphatidic acid receptors remain to be identified. Lysophosphatidic acid is present in the blood and other biological fluids at physiologically relevant concentrations and can likely be rapidly generated and degraded in different locations, for example at sites of inflammation, vascular injury and thrombosis or in the tumor micro environment. Recent work identifies a secreted enzyme, autotaxin, as the key component of an extracellular pathway for generation of lysophosphatidic acid by lysophospholipase D catalyzed hydrolysis of lysophospholipid substrates. In contrast to the apparently redundant functions of LPA receptors, studies using autotaxin knock out and transgenic mice indicate that this enzyme is uniquely required for LPA signaling during early development and serves as the primary determinant of circulating LPA levels in adult animals. Accordingly, pharmacological inhibition of autotaxin may be a viable and potentially effective way to interfere with LPA signaling in the cardiovascular system and possibly other settings such as tumor metastasis for therapeutic benefit. In this review we provide an update on recent advances in defining roles for LPA signaling in major disease processes and discuss recent progress in understanding the regulation and function of autotaxin focusing on strategies for the identification and initial evaluation of small molecule autotaxin inhibitors.
Introduction
The purpose of this review is to discuss the potential of the secreted plasma lysophospholipase D enzyme autotaxin (ATX/LysoPLD) as a target for drugs that inhibit the signaling functions of lysophosphatidic acid (1-acyl 2-hydroxyl glycerol 3-phosphate, LPA) which is the primary product of ATX catalyzed hydrolysis of circulating lysophospholipids. Accordingly we provide a brief overview of the enzymes receptors and pathways responsible for the synthesis, actions and inactivation of LPA. We highlight the physiologic and pathophysiologic functions of this mediator that ATX inhibitors might be expected to influence. Finally the review focuses on the structure, regulation and catalytic mechanism of ATX, recent advances in the design of high throughput-compatible ATX assays with optical readouts, and on the identification and preliminary characterization of small molecule ATX inhibitors.
General Principles of LPA Signaling
The biological activity of lysophosphatidic acid was first reported over 100 years ago. Work conducted in the 1970s and early 1980s established LPA as a modulator of vascular tone and platelet activation which ultimately led to the realization that many of these effects of LPA were receptor-mediated which culminated in the identification of a family of LPA-selective G-protein coupled receptors. Research in this field has accelerated rapidly in the intervening 15 years or so, driven in part by parallel advances in our understanding of the biology of the related lipid phosphate mediator sphingosine 1-phosphate (S1P). Several recent reviews discuss LPA receptors and LPA metabolism in considerable detail and we refer the reader to these for a more in depth treatment of this background information (1) (2) (3) (4) (5) . Figure 1 presents a schematic overview of the enzymes, receptors and pathways involved in the synthesis, actions and inactivation of LPA.
LPA synthesis and inactivation
Definition of the enzymes and pathways involved in the generation and degradation of receptor-active "signaling" LPA is complicated by the well established intracellular role for LPA as a key intermediate in the de novo synthesis of phospholipids and triglycerides. As is the case with other established lipid signaling molecules including diaclglycerol, phosphoinositides and sphingolipids, metabolic and physical compartmentation of the relevant enzymes and substrates likely accounts for the ability of LPA to serve as both an intracellular metabolic intermediate and an extracellular signaling molecule. The predominant intracellular pathway for de novo synthesis of LPA is acylation of glycerol 3phosphate. LPA can also be formed by phospholipase-catalyzed degradation of membrane phospholipids and here evidence for pathways involving hydrolysis of phosphatidic acid (PA) by a selective phospholipase A 2 activity and lysophospholipase D (lysoPLD)-catalyzed hydrolysis of lysophospholipids have been presented (6) . Finally a broad specificity acylglycerol kinase can form LPA by direct phosphorylation of monoglyceride (7) . Although LPA may have actions at intracellular receptors (8) the predominant signaling actions of this lipid are mediated by cell surface receptors and therefore require delivery of LPA to the extracellular space or outer leaflet of the plasma membrane Mechanisms for "export" of intracellular generated LPA, for example involving membrane microparticles have been proposed but not yet convincingly demonstrated. Of particular interest here, isolated platelets can generate and release LPA suggesting a role in localized generation of this mediator (9) . Experimental induction of thrombocytopenia did not significantly decrease bulk circulating LPA levels in rats (6) , an anti-platelet drug that both blocks platelet activation and induces thrombocytopenia produced a marked reduction in circulating LPA levels in mice (10) . Clearly this issue requires further investigation and it is possible that platelets could have an important function in localized production of LPA in the setting of hemostasis or in response to vascular injury. The most compelling discovery in this area is a series of recent reports that clearly establish the importance of a lysoPLD catalyzed extracellular pathway for generation of LPA in the blood and, based on the phenotype of mice lacking the enzyme responsible, vital production of LPA during early development (11) (12) (13) . The enzyme responsible, ATX is the focus of this review and discussed in greater detail in Section 4.
As with the synthetic pathway, degradation of LPA could proceed by several pathways including phospholipase catalyzed deacylation or reacylation to form receptor-inactive free fatty acids or phosphatidic acid. The primary pathway for inactivation of LPA by intact cells appears to be dephosphorylation catalyzed by a class of integral membrane enzymes termed lipid phosphate phosphatases (LPPs) (14) . Overexpression of these enzymes can decrease LPA responsiveness in some systems and chemical inhibitors of their activities have been shown to potentiate LPA signaling in other experimental settings (15) . However, whole animal experiments support the idea that the functions of these enzymes are more complex and because in addition to LPA the LPPs can dephosphorylate other phospho-and sphignolipid phosphate substrates, likely unreated to their effects on LPA signaling. Transgenic overexpression of LPP1 results in a relatively benign phenotype with no measurable change in circulating LPA levels (16) while mice lacking LPP2 are viable with no obvious phenotype. Knock out of LPP3 results in early embryonic lethality characterized by defects in patterning and vasculogenesis that may involve alterations in wnt signaling (17) . LPP1 knockout mice have not yet been reported and further work perhaps using animals with tissue specific inactivation of these LPP genes will be needed to tease out their function as regulators of LPA metabolism and signaling in vivo.
An important point to emphasize is that LPAs are a "family" of lysoglycerophospholipids that differ in both the nature of the linkage between the acyl chains and the glycerol phosphate backbone and in the length and degree of saturation of the acyl chains. LPA subclasses including molecules with -acyl-, alkenyl-and alkyl linkages and acyl chains exhibit distinctive pharmacological properties and in some cases, selectivities for their cognate G-protein coupled receptors. Although this issue requires further investigation the occurrence of different positional isomers of LPA with varied fatty acid chains length and degrees of saturation have been reported in various tissues, altherosclerotic lesions and the molecular species of LPA present in plasma or produced following platelet activation have also been shown to be heterogeneous (18, 19) . Although neither ATX (see below) or the LPPs exhibit obvious preferences for different molecular species of their lysolipid substrates, some level of metabolic compartmentalization must be responsible for generating and maintaining this heterogeneity.
LPA receptors
LPA and S1P exert most if not all of their effects on target cells through lysolipid-specific G-protein coupled receptors. The founding members of this class of receptors were initially denoted "Edg" (endothelial cell differentiation gene) receptors but this has been superseded by a more logical nomenclature in which these established and more recently identified lysolipid receptors are denoted as members of either LPA or S1P selective classes. The LPA selective group of these receptors comprises LPA1/Edg-2/VZG-1, LPA2/Edg-4, and LPA3/ Edg-7, and the sphingosine-1-phosphate receptor subfamily includes S1P1/Edg-1, S1P2/ Edg-5/H218/AGR16), S1P3/Edg-3, S1P4/Edg-6, and S1P5/Edg-8/NRG-1. Recently two additional LPA receptors LPA4/p2y9/GPR23 LPA5/GPR92, have been described. Interestingly these receptors are more closely related to nucleotide-selective purinergic receptors than to the prototypic LPA1, LPA2 and LPA3 receptors (20) .
Biological activities ascribed to LPA were originally observed over 100 years ago and work conducted in the 1970s showed that exogenous administration of LPA had dose and speciesspecific effects on blood pressure in mammals (21, 22) . Studies conducted in the 1980s identified LPA as a potent mitogen for cells in culture (23) and an effective stimulus of human platelet activation (24) . Although these platelet studies strongly suggested that the actions of LPA were consistent with a G-protein coupled receptor mediated process, as discussed in section 3.2, the identity of the receptor responsible still remains to be determined. The prototypic LPA receptor LPA1/Edg-2 was originally identified in a search for genes upregulated in migrating cells of the cerebral cortex during early development (25) . Identification of this receptor was a pivotal discovery that provided a clear molecular mechanism for the pleiotropic effects of LPA that had often been dismissed by skeptics as non-specific and perhaps arising from effects on plasma membrane integrity. Although LPA1 deficient mice have are viable and have a benign phenotype characterized by craniofacial dysmorphism, semilethality due to defective suckling behavior, and a minor incidence of frontal hematoma (26) ongoing studies of these animals have defined roles for this LPA receptor in physiological and pathophysiological processes that include cerebral development, olfaction and inborn neonatal behavior, brain plasticity neuronal differentiation and astrocyte proliferation, myelination, pulmonary function and neuropathic pain (27) (28) (29) (30) . Structural similarities between LPA1 and the related S1P1 receptor facilitated molecular cloning of members of this family of lysolipid phosphate selective receptors leading to the identification of the LPA-selective receptors now known as LPA2 and LPA3. LPA2 receptor knockout mice have no obvious phenotype and the phenotype of mice lacking both LPA1 and LPA2 is no more severe than that of LPA1 deficient animals (30) . Because LPA1 and LPA2 exhibit substantially overlapping expression patterns it is possible that the major functions of these receptors in normal development and physiology are largely redundant. However, more recent work provides evidence for a unique LPA1independent role of LPA2 in fertility (31) and cancer progression (see below).
Roles for lysolipids in physiology of reproduction were suggested by the finding that LPA is present at relevant concentration in follicular and seminal fluid of healthy individuals, serum of ovarian cancer patients and prostate tissues (32) . Evidence came once again from studies of mice lacking the third LPA selective receptor, LPA3 (33, 34) . These animals exhibit defects in fertility, embryo implanation and spacing. The defect in implantation appears to involve ablation of an LPA3-dependent pathway for upregulation of uterine cyclooxygenase-2. Changes in LPA3 receptor expression during early pregnancy raise the possibility that modulation of LPA3 may regulate hormone-dependent uterine receptivity. Although the related lysolipid S1P is clearly an important regulator of immune system function through effects on lymphocyte trafficking (35)a recent report identifies a role for LPA3 in immune surveillance (36) . The fourth LPA-specific GPCR, LPA4/p2y9/GPR23, was identified in a functional screen of orphan G protein-coupled receptors (37) . LPA4 receptor is phylogenetically distant from the LPA1-3 and S1P receptor families having onlỹ 20% amino acid identity with these lysolipid receptors and perhaps surprisingly LPA4 is more closely related to nucleotide-selective receptors. Ongoing work identifies LPA4 as a mediator of the effects of LPA on neuronal morphology and neurite retraction (38) . LPA4 is widely expressed with particular abundance in mouse embryonic brain tissues, skin and heart and in human ovary. A fifth LPA-responsive GPCR, LPA5/GPR92 receptor, was recently described by two groups (39) . Like the related LPA4 receptor, LPA5 is more homologous to nucleotide-selective G-protein coupled receptors than to the LPA 1-3 and S1P receptor family. LPA5 is highly expressed in mouse intestine, dorsal root ganglia and embryonic stem cells human heart, placenta, brain, gut, spleen and lymphocytes. Although ligand binding to any LPA receptor has not been demonstrated convincingly the identification of several cultured cell lines that lack functional LPA receptors has allowed definition of the G-protein coupling specificity and downstream signaling pathways activated by these receptors. These types of approaches have revealed coupling of the LPA1, 2, 3 and 5 receptors to a similar spectrum of signaling pathways that include activation of G i , G q and G 12/13 G-proteins and activation of downstream responses that typically include activation of phospholipase C, increases in cytosolic Ca 2+ , activation of Rho family GTPases and the ERK/MAP kinase cascade (20) . Of particular interest are recent demonstrations that the LPA4 receptor is distinctively coupled to G s (at least in heterologous expression systems) resulting in an activation of cyclic AMP accumulation in cells expressing the appropriately regulated adenylyl cyclase isoform (37) . This finding raises the intriguing possibility that LPA4 may initiate a different spectrum of signaling processes than are activated by the other LPA receptors. Mouse knockouts of LPA4 and LPA5 have yet to be reported and obviously it will be of great interest to determine the roles of these receptors in normal physiology and disease processes.
LPA signaling in health and disease
The impetus for development of therapeutics that target the LPA signaling system and in particular the ATX-dependent LPA synthetic pathway we focus on here comes in large part from an exponentially growing body of data implicating LPA in a range of disease processes which we briefly review below focusing on cancer initiation and progression, cardiovascular physiology and disease and nervous system function. As with the preceding section, this discussion is not complete non-exhaustive and we refer the reader to several more focussed disease oriented reviews(3, 40, 41).
Role of LPA in cancer initiation, progression and diagnosis
The mitogenic activity of LPA was among the first biological effects identified for this mediator and the actions of LPA as a growth factor-like pro-survival factor are consistently observed in many different cell types. In light of these effects, LPA has been considered to be and attractive mediator to promote the growth and survival of tumor cells. Although changes in both absolute levels and the pattern of LPA receptors have been associated with tumor progression as with other G-protein coupled receptors, somatic mutation of LPA receptors has not been reported in human cancers. On the other hand, mutational activation of downstream targets of LPA signaling, such as phosphoinositide 3-kinase are clearly associated with many cancers (40, 42) . Perhaps of most direct relevance here is the finding that LPA may contribute to the tumor microenvironment because LPA is present at high concentration in cancer-associated malignant effusions and, in particular, in ascites fluid that accumulates in the abdominal cavity of ovarian cancer patients as a result of impaired lymphatic drainage (43) . Ovarian cancer cells are highly responsive to LPA and studies using genetic and pharmacological approaches identify a role for LPA signaling in experimental models ovarian tumorigenesis and metastasis (44) . Intriguing but presently unresolved and conflicting work suggests that increased plasma levels of LPA (or perhaps of particular molecular species of LPA) are a prospective marker for ovarian and certain other gynecological cancers (45) . LPA1 has been shown to play a central role in motility of human pancreatic cancer cells and most strikingly in breast cancer derived-osteolytic bone metastasis suggesting that this receptor is a potential target for anti-metastatic therapy (10, 46, 47) . LPA2 mediates mitogenic signals in human colon cancer cells (48) and overexpression of LPA2 has been observed in human invasive ductal carcinoma (49) . LPA1/ LPA2 are involved in the migration of human gastric cancer cells (29) and have been recently identified as a binomial receptor system able to calibrate LPA-dependent chemiotactic response in breast carcinoma cells. Interestingly, the expression ratio between LPA2 and LPA1 ratio increases significantly during malignant transformation of colorectal cancer cells (50) . Evidence for a role of LPA signaling in angiogenesis is presented below and in this regard it is provocative that LPA has been shown to regulate VEGF expression in ovarian cancer patients through LPA2/LPA3 and the same receptors have been indicated as the mediators of LPA survival-inducing activity in B-cell lines and primary chronic lymphocytic leukemia cells, making LPA-targeting drugs an attractive candidate for therapy against B-cell-derived malignancies such as chronic lymphocytic leukemia. Other less, developed work implicates LPA as an important mediator in prostate thyroid and colon cancers and taken as a whole this body of work makes a strong case for further investigation into the potential of LPA-directed therapeutics as anti cancer agents. Work described in section 6 of this review discusses anti-metastatic effects of the first small molecule ATX inhibtors..
Cardiovascular function and disease
The first defined lysolipid receptor Edg1/S1P1 was originally identified as a gene upregulated in endothelial cells in an in vitro model of angiogenesis. The identification of S1P as high affinity ligand for this receptor provoked great interest in bioactive lysolipids as regulators of endothelial cell function and vasculature dynamics leading to the suggestion that platelet-derived LPA could play a role in regulating acute and sustained vascular responses that are initiated by platelet activation (51, 52) . The mechanisms involved in promotion of vascular endothelial cell growth and migration by LPA appear complex. LPApromoted endothelial cell mitogenesis is inhibited by the angiogenesisregulators thrombospondin-1 and 2. LPA increases endothelin-1 expression and mediates the production of matrix metalloprotease 2 which is a fundamental regulator of extra cellular matrix remodeling required for endothelial cell migration during angiogenesis (53) . Increases in adhesion molecule expression in human endothelial cells are an important early response in angiogenesis, and white blood cell adhesion to these cells has been observed following stimulation by LPA and related lysolipids (54) . However, other data indicate that LPA can inhibit motility and adhesion of vascular cells and the observed dependence of LPA responses on extracellular matrix composition and reports of cell-type specific responses indicates that signaling integration between LPA receptors, integrins and/or other indirect mediators may be required for a complete migratory response (55, 56) . LPA treatment can promote matrix detachment of some preparations of human vascular endothelial cells raising the possibility that LPA signaling could impair vascular integrity in some settings. In this regard, several studies implicate LPA as a component of the oxidative stress response and LPA-promoted decreases in endothelial cell viability observed both in vitro and ex vivo studies of retina and brain explants microvasculature may involve effects on nitric oxide production (57) .
As noted in the introduction, the finding that agonist-stimulated platelets produce LPA (58) and that LPA is itself an effective stimulus of platelet activation has provoked considerable interest in defining the role of LPA and other lysolipid mediators as regulators of platelet aggregation and signaling (59) . Identification of the LPA receptor subtype(s) responsible for activation of human platelets has proved challenging, in particular because LPA does not activate mouse platelets which precludes studies of platelets from the various LPA receptor knockout mice as a way to address this question (22) . Of particular interest here it is notable that human platelets respond much more effectively to alkyl-ether linked LPA and to highly unsaturated acyl-species carrying long fatty acyl groups (20:4) when compared to LPA species with 18:1(oleoyl-) or shorter fatty acids (60, 61) . Although LPA can activate washed platelets directly in the presence of nucleotide scavengers, the possibility that LPA acts synergistically with other platelet activators merits further consideration. For example, some components of the effects of LPA on platelet activation in whole blood may be mediated by ADP-dependent activation of P2Y1/P2Y12 receptors (62) and synergy between LPA and other platelet activators/agonists may account for ability of LPA to promote platelet activation in whole blood. LPA stimulates homotypic interactions between platelets and monocytes homotypic which is a recognized early marker of acute myocardial infarction positioning LPA as potential mediator of this and other related cardiovascular complications. As noted in the original reports and more recently studied in greater detail 20% of healthy individuals have platelets that are selectively unresponsive to LPA. Although this propensity does not correlate with age, gender or race in a group of patients presenting for diagnostic catheterization platelet LPA unresponsiveness was associated with the absence of atherothrombotic disease (63) .
In addition to its thrombogenic activity, LPA is also implicated as a mediator of atherogenesis. Unsaturated but not saturated LPA species have been shown to elicit a potent dedifferentiation response in cultured rodent and human vascular smooth muscle cells raising the possibility that localized increases in LPA following plaque rupture or vascular injury could result in vascular cell activation and migration (52, 64, 65) . LPA accumulates in human atherosclerotic lesions as a component of mildly oxidized low density lipoprotein and could therefore also be released during plaque rupture (62, 66) . Exogenous application of unsaturated LPA induces vascular remodeling in rodent models and brief exposure of vessels to either unsaturated acyl forms or alkyl ether analogs of LPA has been shown to elicit the development of intimal hyperplasia in rat carotid artery (67) . Thus, LPA accumulates in human atherosclerotic lesions and, in isolated or cultured cell systems, mediates activation of endothelial cells VSMC differentiation and platelet activation. Taken together these findings make LPA an attractive candidate mediator of vascular responses to injury including platelet deposition and thrombus formation following plaque rupture which in turn leads to the development of intimal hyperplasia. In comparison to studies of the role of LPA in cancer progression and nervous system development and function the role of LPA signaling in the cardiovasculature is relatively under studied but progress in this area is being rapidly facilitated by the ongoing availability of mouse models with targetted alterations in genes involved in LPA metabolism and responsiveness.
Central and Peripheral Nervous System
The effects of LPA and related lysolipids on the nervous system and its implications in diseases have been recently reviewed (68) . Although historically a highly relevant area (and one that led to the initial discovery of the first defined LPA receptor) much more needs to be done to relate studies conducted with cells in culture or isolated tissue preparations to systemic effects on neuroanatomy, nervous system function and ultimately behavior. LPA promotes the growth, survival, differentiation and motility of a range of neuronal cells including schwann cells, oligodendrycytes, astrocytes neurons and microglia (41) . Exposure to LPA produces dramatic LPA receptor-dependent effects on the folding and organization of the cerebral cortex and a more recent report identifies a role for LPA receptors as mediators of neuropathic pain (69) . The continuing development of mouse models with alterations in LPA metabolism and signaling promises to continue to drive advances in this area.
Autotaxin
As discussed above, although LPA can potentially be formed by a number of alternate pathways the only mechanism for extracellular production of LPA presently established to have clear physiological importance is lysoPLD-catalyzed hydrolysis of lysophospholipid substrates. The enzyme responsible, ATX, was originally identified as an autocrine factor present in melanoma cell culture medium that stimulated tumor cell motility (70) . Overexpression experiments subsequently identified potential roles for ATX in cancer progression, tumor cell invasion and metastasis including promotion of tumor angiogenesis. Structural characterization of ATX identified a relationship to a family of cell surface enzymes with ecto nucleotide pyrophosphatse/phosphodiesterase activities and mutagensis studies showed that these activities were critical for the signaling functions of the enzyme (71, 72) . These observations were perplexing because the observed biological activities of ATX could not be obviously linked to alterations in nucleotide metabolism. Studies originating in the 1970s identified a lysoPLD activity in blood that could produce LPA by hydrolysis of both endogenous and exogenously provided lysophospholipid substrates (73) . When purification of this activity was eventually accomplished sequencing revealed that it was identical to a secreted form of ATX (11, 74) . Recombinantly expressed ATX exhibits an active lipid phosphodiesterase activity, and the enzyme functions as a Dtype phospholipase with a strong preference for lysophospholipid substrates but little headgroup selectivity (75) . The mitogenic and motility promoting effects of autotaxin were convincingly established to be dependent on the production of LPA and mediated by target cell LPA receptors (29) .
Definitive evidence that ATX is a physiologically relevant regulator of LPA synthesis and signaling comes from studies in mice. ATX knockout mice are not viable and die in utero as a result of defects in vasculogenesis which is notably a more severe phenotype than that of any of the "single" LPA receptor knockout animals reported to date. Mice that are heterozygous for the wild type and null allele of ATX are viable but have circulating LPA levels that are 50% of wild type (12, 13, 76) . We have characterized mice that transgenically overexpress ATX in the liver under control of the α-antitrypsin promoter and found that circulating levels of ATX and LPA are elevated in these animals (unpublished observations). Interestingly, although ATX has both nucleotide phosphatase and phosphodiesterase activities and could potentially catalyze the dephosphorylation of circulating nucleotide diphosphates this activity does not seem to be relevant in vivo because circulating levels of ATP and adenosine are unaltered in these autotaxin over expressing mice (unpublished results). The availability of mice with alterations in ATX activity and circulating LPA levels promises to be of great value for further elucidation of the role of LPA in normal physiology and disease and in particular for in vivo investigations of the growing number of small molecule ATX inhibitors discussed in sections 5 and 6 below.
Primary structure and Catalytic Mechanism
ATX belongs to a family of seven structurally related cell surface or secreted enzymes that exhibit phosphodiesterase activities against nucleotides or lipids but with varying substrate selectivities and biological functions (77) . These enzymes are termed nucleotide phosphatases/pyrophosphatases (NPPs) and numbered in order of discovery. NPP1 generates pyrophosphates that are important for bone mineralization. The precise functions of NPPs 3, 4 and 5 are not known although NPP3 has been shown to regulate glial cell migration and differentiation in vivo through a mechanism that requires phosphodiesterase activity. In light of the preferential phospholipase activity of ATX it is interesting that NPP6 and NPP7 are choline headgroup-specific phospholipases C with activity against phosphatidylcholine and sphingomyelin (78) . ATX and the related NPP1 and NPP3 enzymes share a common structure with two closely opposed N-terminal somatomedin B-like domains, a central phosphodiesterase domain containing sequence determinants that are critical for catalysis and a C-terminal domain with homology to nucleases (Figure 1) . The function of the somatomedin B-like domain is presently unclear although other examples of this motif are known to interact with plasma proteins and integrin receptors. A very recent report indicates that ATX can bind to integrin receptors on primary and immortalised lymphocytes and suggests that this interaction may play a central role in the regulation of lymphocyte trafficking (79) . The phosphodiesterase domain is responsible for hydrolysis of lipid and nucleotide substrates through a "ping-pong" mechanism involving a critical threonine residue that forms an enzyme phosphate intermediate (75, 80) . The nuclease domain is important for activity but seems unlikely to play a direct role in catalysis and may therefore be important for folding or structural integrity of the enzyme. Clearly determination of the structure of ATX or of the relevant catalytic domain of the enzyme will be required to understand the basis for the unique preference of this enzyme for lysophospholipid substrates.
Post Translational Processing
Although all of the other members of the ENPP family are integral membrane cell surface proteins, the N-terminal hydrophobic sequence of ATX functions as a signal peptide and not a membrane anchor. ATX is therefore processed in the secretory pathway by sequential protease cleavage of the "pre-pro" enzyme to form a "pro-enzyme" that is subseqently converted to the mature form by furin-catalysed proteolysis (81) . Because genetic manipulation of ATX expression in mice has established that circulating LPA levels parallel those of ATX, understanding how the balance between synthetic and degradative pathways determines extracellular levels of this enzyme is likely to provide valuable insights into how extracellular levels of LPA are controlled. Extracellular release of ATX involves the well defined secretory pathway although at present it is unclear if this is a constitutive or regulated process. Similarly, more work is needed to establish mechanisms responsible for clearance of ATX from the circulation. ATX is a glycoprotein with N-glycosylation on three distinct sites recently identified. Surprisingly glycosylation of one of these sites (N542) is critical for catalysis. Because the glycan modification of this residue is resistant to enzymatic degradation it may interact with the protein, perhaps stabilizing the catalytically competent structure (82) . This set of studies clearly establish that proper proteolytic processing and glycosylation of ATX are critical for efficient expression of catalytic activity which raises some obvious concerns about the optimal way to generate the enzyme for biological or pharmacological studies. For example, although ATX can be made recombinantly in a variety of heterologous expression systems, specific activities approaching those exhibited by native ATX isolated from blood plasma have only been approached when the enzyme is expressed recombinantly in cultured mammalian cells and purified from cell-conditioned culture medium (83) . Affinity tagging at the C-terminus is well tolerated and can be used to facilitate purification of the enzyme from these expression systems.
Isoforms, expression pattern and biological activities
Three distinct variants of autotaxin have been described. The predominant form which corresponds to the enzyme originally identified as plasma lysoPLD has 863 amino acids. Two other variants containing 52 and 24 residue insertions close to the phosphodiesterase domain have been reported but their significance remains to be established (78) . ATX is very widely expressed with mRNA detected in essentially all tissues examined and high levels of expression notable in brain, ovary, lung, intestine and kidney. ATX expression is controlled by growth factors acting through diverse transcription factors. Although studies of ATX knockout mice identify a critical role for the enzyme in early development and in particular extra embryonic vasculogenesis less is known about the role of ATX in normal physiology. Given the participation of LPA receptors in the broad variety of processes discussed in section 3 one could reasonably expect these functions of ATX to be wide-ranging. Of particular interest s the link between ATX and cancer progression. ATX was originally identified as a tumor derived cytokine and upregulation of ATX expression has been associated with a variety of cancers and associated with pathways that drive tumor cell growth, motility and survival. In particular ATX stimulates tubulation of cultured human endothelial cells which, in light of the vasculogenesis defect observed in ATX deficient mice, suggests a possible involvement in tumor angiogenesis (84) . As discussed further below, much of the impetus for development of small molecule ATX inhibitors comes from these studies implicating autotaxin as a viable target for cancer therapeutics.
Measurement of autotaxin activity
Although ATX can hydrolyze a variety of lysophospholipid substrates the primary physiological substrate is likely to be lysophosphatidylcholine (LPC). This lipid is very abundant in plasma, serum and some other biological fluids and can also be detected in conditioned media from a variety of cells. Under "optimal" assay conditions the K m of ATX for LPC is in the range of 100 μM which is close to the measured concentration of this lipid in blood plasma. Of the other "candidate" ATX lysolipid substrates, it is interesting that the enzyme can also hydrolyze sphingosylphosphorylcholine to generate the bioactive lipid mediator S1P. However, the observed K m for this substrate is significantly higher than that for lysophosphatidylcholine while plasma levels of sphingosylphosphorylcholine are more than 1000 times lower (85) . Because mice that are heterozygous for the null autotaxin allele have normal circulating levels of S1P sphingosylphosphorylcholine is clearly not a physiologically relevant ATX substrate and of course extracellular production of S1P is now clearly established to involve a kinase pathway (86) . The availability of a molecular structure for ATX will be required to advance our understanding the basis for selectivity of ATX for lyso versus diacylated lipid substrates. Like other members of the NPP family, ATX can also hydrolyze nucleotide triphosphates di-adenosine polyphosphates and artificial phosphodiester substrates such as paranitrophenyl thymidine phosphate (pNP-TMP) or bis paranitrophey phosphate (bis-PNP) with K m values close to 1mM and optimal activity observed at alkaline pH (77) . Although nucleotides are unlikely to be relevant physiological substrates for ATX the use this class of substrates, particuarly pNP-TMP or bis-PNP) in colorimetric assays provides a simple and straightforward method to monitor enzyme activity in recombinant expression systems. Similarly, production of LPA from LPC can be measured directly using radiolabeled substrates and fluorescent derivates of LPC are also available and readily hydrolyzed by ATX allowing direct evaluation of enzyme activity after separation of substrate from unreacted product by thin layer chromatography. Of particular importance is the recent development of FRET-based and fluorogenic ATX substrates. The latter class are exemplified by compounds termed FS-2 and FS-3 which are LPC derivatives with a fluor and a quencher attached to the "headgroup" and acyl chains respectively (87) . Hydrolysis of the phosphodiester bond results in fluorescence "dequenching" and an increase in fluorescence signal that can be monitored continuously. Another useful ATX substrate, CPF4, is a bis-PNP-based FRET sensor in which enzymatic hydrolysis results in a loss of the intramolecular FRET signal (88) . Although the kinetic behavior of the enzyme with these substrates needs to be further investigated and issues of specificity for other phosphodiesterases may limit their use with anything other than purified enzyme preparations(89) these reagents are clearly of great value for the development of high throughput assays to screen for inhibitors of ATX activity.
Initial identification and characterization of autotaxin inhibitors
The work summarized about establishes ATX as a key determinant of circulating LPA levels and highlights the involvement of this enzyme, its lysolipid product and associated receptors in a broad range of pathophysiologies. Thus, this enzyme is in a pivotal position to be an attractive and intriguing therapeutic target. Moreover, because ATX knockout mice die in utero, small molecule inhibitors of autotaxin are very attractive tools for manipulation of ATX activity in mouse models of disease. With this goal in mind, several recent reports have begun to describe the identification, synthesis and characterization of the first ATX inhibitors which include provocative demonstrations of their potential value as anti-cancer therapeutics. The discovery that both LPA and S1P are potent "mixed" inhibitors of purified autotaxin has accelerated research in this area. Using the FRET sensor CPF4 as substrate, the K i for inhibition of ATX by LPA is ~100 nM. Inhibition involves both a reduction in V max and an increase in K m and the high potency indicates that binding of LPA to the enzyme is ~1000-fold stronger than to lysophospholipid substrates (88) . The biological importance of this mechanism remains to be established but clearly suggests that LPA and possibly also S1P could act as "feedback" inhibitors of ATX. While steady state plasma levels of LPA are low (>1μM) in comparison to the abundance of LPC possible roles for LPA binding to protein carriers and degradation by phospholipases and lipid phosphatases also need to be considered. However, feedback inhibition ATX could provide a relevant mechanism to limit localized accumulation of LPA in the blood and other tissues. The possibility that S1P could modulate the extracellular production of LPA also suggests another nexus for the already complex interactions between these signaling systems.
Because of ongoing efforts to generate subtype selective agonists and antagonists of LPA and S1P selective G-protein coupled receptors several groups already have a substantial armamentarium of candidate LPA-mimetic potential ATX inhibitors available for testing. These studies have established that even fatty alcohol phosphates which are structurally simple LPA analogs can inhibit ATX (90) . Cyclic phosphatidic acid (cyclicPA) is a naturally occurring analog of LPA in which the phosphate group substituted in the sn-3 hydroxyl group of the glycerol backbone forms a cyclic phosphodiester bond with the free sn-2 hydroxyl group. The biological mechanism responsible for generating this curious LPA analog is presently unclear. ATX can produce detectable quantities of cyclic PA or it would be reasonable to presume that actions of another phospholipase that favors nucleophilic attack by the sn-2 hydroxyl group over direct hydrolysis of the phosphodiester bond of a lysophospholipid substrate is involved in this process (91) . Surprisingly the spectrum of biological responses to cyclicPA observed in cell culture systems and animal models can broadly be classified as "opposing" those of LPA (92) . Although cyclic PA is a weak but measurable inhibitor of ATX stabilized cyclicPA analogs in which the sn-2 oxygen atom is substituted with a methylene group are highly effective ATX inhibitors with K i values in the range of 100 nM (93) . A particular challenge here is to identify LPA analogs that inhibit ATX without exhibiting significant agonist effects on LPA receptors and these "carba" cyclicPA analogs have very weak agonist activities at recombinant LPA receptors suggesting that they may be suitable for this purpose. These carba cyclic PA analogs inhibited tumor cell invasion when tested in an in vitro assay for ATX promoted increases in cell motility. Previous work demonstrated an anti-metastatic effect of exogenously administered cyclicPA on melanoma and intestinal tumors in mice and these carba cyclicPA analogs also produced significant inhibition of melanoma cell metastasis in this mouse model raising the possibility that inhibition of ATX accounts, at least in part, for the effects observed (93) . Ongoing collaborations between chemists and pharmacologists continue to identify LPA mimetics with mixed effects on ATX and LPA receptors and one can reasonably expect that this will continue to be a fruitful area for investigation. In particular, the more recent identification of compounds with a dual action as both ATX inhibitors and LPA receptor subtype-selective antagonists may provide a novel synergistic approach for coincident inhibition of LPA production and signaling (94) . Clearly much more needs to be done to establish the pharmacokinetics and mechanism of action of these experimental drugs as LPA inhibitors in vivo. In particular, clearly a demonstration that these compounds can alter circulating or localized levels of LPA when administered to animal models is presently lacking as is convincing evidence that effects observed in animal models actually involve actions at the intended ATX target. Nevertheless, this class of "lipid-like" ATX inhibitors clearly provide an exciting first step towards the eventual development of useful drugs targetting this enzyme.
The development of LPA and S1P analogs as ATX inhibitors necessitates careful evaluation of their effects on other receptor systems and enzymes involved in LPA signaling and metabolism making the identification of non-lipid ATX inhibitors which could reasonably be expected not to interact with these unintended targets an attractive goal. Although no potent non-lipid ATX inhibitors have yet been reported, a recent study evaluated effects of a subset of compounds previously identified as phosphodiesterase and kinase inhibitors on ATX activity using a colorimetric multiwell plate format assay with bispNPP as substrate which was augmented by secondary screening using LPC substrate. Two previously identified phosphodiesterase inhibitors calmidiaolium and vinpocetine and two kinase inhibitors damnacanthal and hypericin were identified as non-phospholipid autotaxin inhibitors albeit with relatively impotent with Ki values in the range of ~100 μM. One potentially insightful finding from this study was that certain of these compounds exerted selective inhibitory effects on the nucleotide and lipid-directed phosphodiesterase activities (83) . Since both activities clearly involve the same active site compartive studies of these compounds and exploration of inhbitor structure activity relationships might provide insights into how the enzyme discriminates between nucleotide and lipid substrates.
Conclusions
In summary, ATX is now clearly established as a central regulator of LPA metabolism and signaling. Ongoing work identifying critical roles for LPA a broad range of physiological and disease processes focuses attention on ATX as an exciting target for pharmacological intervention. To date, work in this area had been largely driven by the identification of LPA and S1P as "product'inhibitors" of ATX and while this has led to the identification of useful "lead" compounds concerns about bioavailability and effects on LPA receptors and other enzymes and a failure to demonstrate effectiveness as inhibitors of LPA production in vivo tempers enthusiasm for this approach. At the same time, ATX activity can readily be measured colorimetric and fluorescence-based assays that are highly amenable to adaptation for high throughput. Although there are clues that recognition of nucleotide versus phospholipid substrates involves distinct determinants the basic catalytic machinery of the enzyme involved in hydrolysis of both classes of substrates is the same so one would predict that inhibitors identified using nucleotide-like substrates would also be effective inhibitors of the lipid phosphodiesterase activity. Although direct measurement of the hydrolysis of lipid substrates cannot by simply adapted for high throughput screening because of the requirement for physical separation of substrate and unreacted product its quite feasible to use radiolabeled or fluorescent lipid substrates in secondary screens for validation of "hits" obtained from the primary screen. Finally, effects of ATX on the growth, migration and survival of cultured cells have been well described and these assays can be used to evaluate effects of ATX inhibitors in a more biological context. While homozygous deletion of the ATX gene results in early embryonic lethality, mice that are heterozygous for the null autotaxin allele have reduced circulating levels of ATX and LPA, are viable and do not exhibit obvious phenotypes suggesting that inhibition of ATX activity would not produce dramatic effects on normal physiology. The availability of these animals (which one might predict would be more sensitive to effects of pharmacological inhibitors of ATX) promises to provide another useful experimental system to explore the effects of small molecule inhibitors of this interesting enzyme. The somatomedin B-like domains are in yellow, the PDE and nuclease domains are in blue and pink respectively. The hydrophobic signal sequence removed by proteolytic processing is in green.
